Aimed at creating a true photoswitchable energy transfer system, four dinuclear complexes containing ruthenium(II) and osmium(II) metal centers bridged by spiropyran-type linkers were designed and investigated. The bridge in its closed spiropyran form was shown to be a good insulator for energy transfer between the Ru-bpy donor and the Os-bpy acceptor (bpy ) 2,2′-bipyridine). On the basis of properties of previously reported photochromic nitrospiropyrans substituted with a single polypyridine metal center, conversion of the bridge to the open merocyanine form was envisaged to result in efficient electronic energy transfer by a sequential ("hopping") mechanism. In contrast to the expectations, however, the studied closed-form dinuclear complexes remained stable independently of their photochemical or electrochemical activation. This difference in reactivity is attributed to the replacement of the nitro group by a second polypyridine metal center. We assume that these changes have fundamentally altered the excited-state and redox properties of the complexes, making the ring-opening pathways unavailable.
Introduction
Much effort has been devoted to the investigation of photochromic compounds, that is, systems existing in two forms that can be interconverted using excitation with light of different wavelengths as a stimulus.
1-3 The two forms generally differ in their physicochemical properties such as molecular geometry, electronic delocalization, color and reactivity. The interest in these compounds arises from their envisaged application as materials in molecular electronics and data storage 4-7 first suggested by Hirshberg in 1956. 8 Photochromic molecules can also be incorporated into larger systems, to acquire functionalities they do not possess by themselves. One interesting possibility is to implement the photochromic molecule as a bridge between an energy donor and acceptor in a system for energy transfer processes. It should then be possible to switch the energy transfer ON and OFF by reversibly converting the bridge.
So far, two donor-bridge-acceptor systems with a photochromic moiety incorporated in the bridge have been reported in the literature.
9,10 These triads, however, are not true energy transfer switches. The energy levels of the bridge lie in between those of the donor and acceptor termini when the photochromic moiety is in the initial state, thereby facilitating the energy transfer. Then, having converted the bridge photochemically to the other state, the energy levels of the photochromic unit fall below those of the acceptor moiety, so that the excitation energy is ultimately transferred to the bridge. To constitute a true energy transfer modulator, the photochromic molecule should act solely as a switch, influencing the rate of energy transfer between the donor and acceptor, but never functioning as either the donor or the acceptor itself.
Spiropyrans belong to the most intensively investigated classes of photochromic molecules. [11] [12] [13] The conjugation in a spiropyran molecule is broken over the single spiro-carbon atom shared by the two subunits, which strongly limits their mutual electronic interaction.
14, 15 The bond between the spiro-carbon and oxygen atoms in a spiropyran can be broken photochemically, resulting in the formation of a planar merocyanine form stabilized by extensive π-conjugation over nearly the entire molecule (see Scheme 1). At room temperature, the open form reverts thermally to the closed precursor.
In a preceding publication, we described the properties of bpy-substituted nitrospiropyran 3c, its mononuclear Ru(II) and Os(II) complexes Ru-3c and Os-3c (c standing for closed) and the corresponding open forms 3o, Ru-3o and Os-3o (see Chart 1). 16 It was established for the closed-form molecules that the low-energy intraligand excited-state levels of the spiropyran moiety (IL Sp ) lie above the lowest metalto-ligand charge transfer (MLCT) states of the chelated tris(bpy)-metal chromophores. On the other hand, the lowest triplet excited-state of the open-form spiropyran moiety ( 3 IL Mc ) is situated between the lowest 3 MLCT levels of the ruthenium and osmium polypyridyl moieties. Therefore, we might expect that for a Ru-BL-Os donor-bridge-acceptor system incorporating a closed spiropyran (Sp) moiety in the bridging ligand BL, energy transfer only takes place by a relatively inefficient superexchange mechanism (see Figure  1 ). When converted to the open merocyanine (Mc) form (see Scheme 1), however, the bridge will facilitate an efficient energy transfer by a hopping mechanism. This makes spiropyrans good candidates for the creation of a true energy transfer switch, in combination with [Ru(bpy) 2+ -type acceptor termini. To prove this concept, we studied a series of triad complexes containing a spiropyran-based bridge (BL), namely, two novel homodinuclear Ru-BL-Ru, one homodinuclear Os-BL-Os, and one heterodinuclear Ru-BL-Os, as depicted in Chart 1. Their syntheses, electrochemical and photophysical properties are reported in this paper and compared with those of the related mononuclear Ru(II) and Os(II) bpy-nitrospiropyran complexes (see Chart 1) where appropriate.
Experimental Section
All chemicals and reagent grade products were purchased from Fluka, Aldrich, or Acros Chemicals and used without further purification, unless noted otherwise. The palladium catalyst [Pd(dppf) 2 Cl 2 ] (dppf ) 1,1′-bis(diphenylphosphino)ferrocene) (Strem Chemicals) was kept under argon. Column chromatography was performed using 230-400 or 400-600 mesh silica gel (Chemie Brunschwig AG). Purification by preparative plate chromatography was carried out on glass sheets recoated with 2 mm layers of silica gel 60 F 254 purchased from Merck. Thin layer chromatography (TLC) was performed using aluminum sheets coated with silica gel 60 F 254 (Merck).
We have previously described the synthesis of bpy-functionalized spiropyran ligand 4 (see Scheme 2), 17,18 its derivative 5 (see Scheme 3) 18 and complex Ru(μ-2)Os (see Chart 1). 18 Mononuclear complexes Ru-3c and Os-3c (see Chart 1) were also prepared following a protocol developed previously. 16 The syntheses of the metal precursors [Ru(bpy) 2 19,20 All synthesized complexes were initially obtained as chloride salts and were isolated by precipitation with hexafluorophosphate anions. They were purified by preparative plate chromatography and obtained as racemic mixtures of Δ/Λ isomers. Elemental analyses were not carried out because of low reaction yields.
5,6′-([2,2′]-Bipyrid-4-yl)-1,3-dihydro-1,3,3-trimethylspiro[2H-1-benzopyran-2,2′-(2H)-indole] (1). (see Scheme 2)
. A solution of ligand 4 (150 mg; 0.27 mmol), 2,2′-bipyridine-4-boronic acid (81 mg; 0.40 mmol), Na 2 CO 3 · 10H 2 O (42 mg; 0.40 mmol), and [Pd(dppf)Cl 2 ] · CH 2 Cl 2 (9 mg; 5 mol%) in dimethyl ether/water (3: 1; 4 mL) was refluxed for 17 h under an argon atmosphere. It was then cooled to room temperature and poured into water (50 mL). The aqueous mixture was extracted with dichloromethane (3 × 50 mL). The combined extracts were dried over MgSO 4 and concentrated under reduced pressure. The crude product was purified by flash chromatography (SiO 2 , CH 2 Cl 2 /MeOH (99:1)). Yield 65 mg, 31%. 
General Techniques
All products were characterized by ESI mass spectra were recorded on a Bruker FTMS 4.7T BioAPEXII spectrometer, UV-vis absorption spectra on a Hewlett-Packard 8453 diode array spectrophotometer and steady-state emission spectra on a Spex 1680 spectrofluorimeter. Emission spectra were not corrected for the photomultiplier response. Deaerated solutions were prepared by the freeze-pump-thaw technique on a vacuum line. Luminescence quantum yields were determined for optically diluted solutions, using aerated solutions of [Ru(bpy) 3 ]Cl 2 in H 2 O ( em ) 0.028) 21 or [Os(bpy) 3 ](PF 6 ) 2 in MeCN ( em ) 0.0035) 22 as references where appropriate. Nanosecond time-resolved absorption spectra were measured using a setup described previously. 23 The irradiation source was a continuously tunable (400-700 nm) Coherent Infinity XPO laser (2 ns fwhm). A 50% mirror was used to divide the probe light into sample and reference beams, which greatly improved the signal-to-noise ratio. Time-resolved emission studies in the nanosecond time domain were performed using a continuously tunable (400-700 nm) Coherent Infinity XPO laser (2 ns fwhm) as the excitation source. The emitted light was detected using a streak camera (Hamamatsu C5680-21) equipped with an M 5677 sweep unit over a range of 300 nm, or at a single emission wavelength, using a combination of an Oriel monochromator and a Hamamatsu P28 photomultiplier tube, from which the signal was recorded on a Tektronix TDS684B (1 GHz, 5 GS s -1 ) oscilloscope. (Sub)picosecond transient absorption spectra were measured using a setup described in detail in a previous paper.
24
The laser part is based on a Spectra-Physics Hurrican Tisapphire regenerative amplifier system, and the full spectrum setup on an optical parametric amplifier (Spectra-Physics OPA 800) as a pump. A residual fundamental light from the pump OPA is used for the generation of white light that is detected with a CCD spectrograph. The laser output is typically 5 μJ pulse -1 (130 fs fwhm) with a repetition rate of 1 kHz. A circular cuvette (d ) 1.8 cm, l ) 1 mm, Hellma) containing the sample solution was placed in a homemade rotating ball bearing (1000 rpm) to avoid local heating by the laser beam and buildup of a photoproduct.
Irradiation experiments were performed using a highpressure Hg lamp (Oriel Model 6137) in combination with appropriate interference filters. The incidental photon flux was determined before and after each measurement, using fresh solutions of Aberchrome 540 ( λ ) 0.20 for 313 nm < λ < 366 nm) 25 and Aberchrome 540P ( λ ) 0.178-2.40 × 10 -4 · λ for 440 nm < λ < 550 nm) 26 actinometers in toluene. The potential conversion of the spiropyrans was investigated by UV-vis spectroscopy, monitoring the visible spectral region for appearance of the characteristic absorption band of the merocyanine photoproducts.
Cyclic 27, 28 UV-vis spectroelectrochemical experiments were performed in an airtight optically transparent thin-layer electrochemical (OTTLE) cell, 29 equipped with a Pt minigrid working electrode (32 wires cm -1 ) and CaF 2 or quartz windows. The controlled-potential electrolyses were carried out with a PA4 potentiostat (EKOM, Polná, Czech Republic).
Estimated experimental errors in the reported data are as follows: absorption and emission maxima, (2 nm; emission lifetimes, (8%; emission quantum yields, (20%; ns TA lifetimes, (20%; electrode potentials, (5 mV.
Results and Discussion
Synthesis. The synthesis of a dinuclear complex bridged by a photochromic spiropyran/spirooxazine-based bridging ligand proved to be a challenging exercise. Initially, spiropyran-based ligand 6 and spirooxazine-based ligand 7 were synthesized (see Chart 2), both carrying two chelating ligands for metal coordination. 17 Unfortunately, these two ligands were unstable under the conditions of metal complex formation. ESI-MS analyses showed that decomposition occurred around the spiro-carbon atom. As Ru-and Os-metal fragments had earlier been complexed successfully to a 2,2′-bipyridine moiety attached to the indoline half of a nitrospiropyran, 16 it was assumed that the decomposition was related to the complexation at the pyran/oxazine side.
In an attempt to prepare a stable ligand for bimetallic complexation, spiropyran 6 was modified by introducing phenylene and methylene spacer groups between the pyran half of the switching unit and the 2,2′-bipyridine moiety, resulting in ligands 8 and 9, respectively (see Chart 3). In both cases the stability of the uncomplexed ligands decreased drastically and isolation of pure compounds proved impossible.
We therefore decided to change the synthetic approach and introduce a less electron-donating type of substituent on the pyran part of the switching unit. This approach indeed led to improved inherent stability of the ligands and opened roads to metal complexation.
First ligand 1 was synthesized by a [PdCl 2 (dppf)]-catalyzed Suzuki cross-coupling reaction of spiropyran 4 with boronic acid (see Scheme 2). The preparation of precursor 4 followed a previously developed protocol.
17,18 Mononitration of commercially available 2,2′-bipyridine-N-oxide with NaNO 3 in concentrated H 2 SO 4 yielded 4-nitro-2,2′-bipyridine-N-oxide that was further converted into 4-bromo-2,2′-bipyridine in the presence of PBr 3 . [30] [31] [32] The 2,2′-bipyridine-4-boronic acid was obtained using a classical reaction with nBuLi and subsequent treatment with trimethylboran in diethyl ether at low temperature. 33 With ligand 1 in hand, for the first time, it proved possible to perform a double complexation reaction on a spiropyrantype ligand, which did not result in decomposition. Homodinuclear complexes Ru(μ-1) Ru The corresponding homodinuclear complex Ru(μ-2)Ru was synthesized by the complexation reaction of the new spiropyran ligand 2 with two molar equivalents of the complex precursor [Ru(bpy) 2 Cl 2 ] · 2H 2 O. This ligand was formed by a coupling reaction of 6-formyl-functionalized spiropyran 5 with 1,10-phenanthroline-5,6-dione (see Scheme 3). The preparation of ligand 5 followed a previously developed protocol.
17,18 The reactant 1,10-phenanthroline-5,6-dione was prepared by oxidation of 1,10-phenanthroline in a mixture of concentrated H 2 SO 4 , concentrated HNO 3 and KBr. 35, 36 Electronic Absorption Spectra. Electronic absorption spectra of dinuclear complexes Ru(μ-1)Ru, Os(μ-1)Os, Ru(μ-2)Ru, and Ru(μ-2)Os in acetonitrile (MeCN) are shown in Figure 2 . Absorption maxima and the corresponding molar absorption coefficients (ε max ) are reported in Table 1 .
The UV-vis absorption spectra of all investigated complexes exhibit essentially the same features. The bands centered around 450-460 nm can be assigned to metal-to- 2+ -type complexes. [38] [39] [40] The origin of the very weak absorption of complex Os(μ-1)Os between 750-900 nm is unclear. The bands around 290 are assigned to bpy-and/or ip-centered transitions ( 1 IL bpy / 1 IL ip ). The absorption bands due to these intraligand transitions have very similar shapes and absorption maxima and cannot be distinguished in the spectra.
37,41
The composed absorption band in the 320-410 nm region can be attributed to the spiropyran subunit ( 1 IL Sp ). Since the metal(R-diimine) moieties absorb only weakly in this region, we can address the spiropyran part of the system fairly selectively by exciting into the 1 IL Sp transition. On the other hand, the metal(R-diimine) chromophores can be excited selectively by irradiating into the lowest 1 MLCT band.
Photoreactivity. Excitation of a closed spiropyran species with light normally results in its photochemical conversion
to the open merocyanine form, which is characterized by the rise of a new strong absorption band in the 500-600 nm spectral region.
11 For monosubstituted nitrospiropyrans Ru-3c and Os-3c (see Chart 1), the photochemical formation of the corresponding open-form structures Ru-3o and Os3o was indeed well observed, but the efficiency of this process is low as a result of energy transfer from the excited spiropyran moiety to the metal center. 16 No changes, however, were observed in the electronic absorption spectra of investigated dinuclear complexes Ru(μ-1)Ru, Os(μ-1)Os, Ru(μ-2)Ru, and Ru(μ-2)Os under the same experimental conditions, not even after prolonged irradiation into the 1 IL Sp band with 334 nm light at 223 K. From these results it is concluded that Ru(μ-1)Ru, Os(μ-1)Os, Ru(μ-2)Ru, and Ru(μ-2)Os are not photochromic.
There are two possible explanations for the fact that the ring-opening reaction, reported for the monosubstituted nitrospiropyrans, is completely inhibited in the dinuclear systems. First, because of the presence of a second energy acceptor subunit, the energy transfer may become so fast that the photochromic reaction can no longer compete. Second, it is possible that the substitution of the spiropyran nitro group in the mononuclear complexes with the additional ruthenium or osmium center has changed the intrinsic properties of the spiropyran, so that the ring-opening pathway is no longer available. These options will be discussed hereinafter.
Luminescence Properties. Emission spectra of complexes Ru(μ-1)Ru, Os(μ-1)Os, Ru(μ-2)Ru, and Ru(μ-2)Os in airequilibrated acetonitrile (MeCN) are shown in Figure 3 . Emission maxima, quantum yields, and lifetimes of all investigated complexes and selected reference materials are reported in Table 2 .
Diruthenium complexes Ru(μ-1)Ru and Ru(μ-2)Ru emit at room temperature at 619 and 618 nm, respectively. The shape and intensity of the emission bands, as well as the emission lifetimes (see Table 2 Mixed-metal complex Ru(μ-2)Os exhibits both Ru(bpy) and Os(bpy) centered emissions at 619 and 742 nm, respectively. The ruthenium emission is strongly quenched, as a result of an energy transfer to the osmium center. From the corresponding emission lifetimes (Table 2 ) it can be determined that the rate of this process can be expressed with k ET ) 6.6 × 10 7 s -1 . The metal-metal distance in complex Ru(μ-2)Os is r DA ) 2.3 nm. In the literature, a number of heterodinuclear Ru/ Os donor-bridge-acceptor systems with similar metal-metal distances have been reported, in which the bridges are well conjugated [45] [46] [47] [48] and have energy levels positioned between those of the donor ruthenium and those of the acceptor osmium centers. 49 The energy transfer in these triads is 1 to 3 orders of magnitude faster than we have found for complex Ru(μ-2)Os. On the other hand, for similarly spaced Ru and Os termini separated by non-conjugated bridges, energy transfer rates are comparable [50] [51] [52] [53] to that determined for complex Ru(μ-2)Os, or even 1 order of magnitude lower. 54 From this comparison it may be concluded that, as expected, the closed spiropyran is a fairly good insulator for the Ruto-Os energy transfer.
To ascertain whether the spiropyran moiety in the D-BL-A triad acts merely as a structural motif keeping the donor and acceptor chromophores together at a fixed distance and the electronic energy transfer occurs through space without any bridge mediation, the value of k ET was calculated according to the classical Förster formula for isotropic conditions.
For the Ru(μ-2)Os complex, Φ D ) 0.072 (emission quantum yield of Ru(μ-2)Ru), τ D ) 1.28 μs (emission lifetime of Ru(μ-2)Ru), r DA ) 2.3 nm, n ) 1.3442 (refractive index of acetonitrile) and the value of the overlap integral is 4.38 × 10 -14 M -1 cm -1 (calculated using the Mathcad 14.0 software).
The value k ET ) 2.98 × 10 6 s -1 obtained for Ru(μ-2)Os from eq 1 is smaller by more than 1 order of magnitude than the experimental value of 6.6 × 10 7 s -1
. This result reveals that the dipole-dipole Förster mechanism itself cannot account for the observed energy-transfer process in Ru(μ-2)Os and a superexchange mechanism plays a major role, in line with Figure 1 (left) . Indeed, it would be very interesting to compare the energy-transfer mechanism for the open merocyanine-containing bridge if this heterodinuclear triad were photochromic.
Nanosecond Transient Absorption Spectroscopy. Transient UV-vis absorption (TA) spectra of diruthenium systems Ru(μ-1)Ru and Ru(μ-2)Ru with ns time resolution (air-equilibrated MeCN, 293 K; see Figure 4 ) and the corresponding excited-state lifetimes τ ) 128 and 120 ns, Ru(μ-1)Ru, Os(μ-1)Os, Ru(μ-2) . 55 The negative feature around 630 nm is caused by the emission of the complex. The recorded spectra are independent of whether the system is excited into the 1 IL Sp band with 334 nm light, or into the 1 MLCT band with 450 nm light. After the decay of the excited-state species, an absorption feature around 680 nm remains permanently. The same phenomenon was observed for Ru-3c. 16 Its origin is unclear. The spectral shape of the transient absorption spectrum observed for diosmium complex Os(μ-1)Os and the corresponding excited-state lifetime τ ) 40 ns (air-equilibrated MeCN, 293 K) reveal optical population of the osmium-tobpy 3 MLCT excited state.
56 Also in this case, the transient is independent of the excitation wavelength.
Excitation of mixed-metal complex Ru(μ-2)Os with 450 mm light initially populates both the ruthenium and osmium 3 MLCT states. The development of the TA spectrum in time points to energy transfer from the ruthenium to osmium chromophore. The latter process is apparent from the detail of the MLCT bleach showing a gradual shift to longer wavelengths in time (see Figure 5 ) and from the excitedstate life τ ) 69 ns (air-equilibrated MeCN, 293 K) that is much closer to that of Os(μ-1)Os than Ru(μ-1)Ru or Ru(μ-2)Ru (see above).
The excited-state lifetimes determined from the ns TA spectra correspond to the emission lifetimes in Table 2 .
Picosecond Time-Resolved Transient Absorption Spectroscopy. Transient absorption spectra of complexes Ru(μ-1)Ru, Ru(μ-2)Ru, and Ru(μ-2)Os in MeCN were recorded in the picoseconds time domain in an attempt to determine the rate of energy transfer to the metal center upon excitation of the spiropyran part of the investigated molecules. Optical population of the 1 IL Sp excited-state was achieved by laser excitation with 360 nm light. We monitored the time development of the transient absorption spectra, having focused on the MLCT bleach. Its initial intensity should increase if an energy transfer from the spiropyran moiety to the acceptor metal center were to take place in the investigated time domain, which would allow the determination of the corresponding energy transfer rate. However, from the first frame on, only the pattern characteristic of ruthenium-and/or osmium-to-bpy 3 MLCT excited states was recorded. No clear growth in the bleach amplitude was observed for any of the complexes, indicating that the bridge-to-metal acceptor energy transfer is faster than the time resolution of our apparatus and must therefore be completed on a subpicosecond time scale.
For comparison, we also recorded picosecond transient absorption spectra of monosubstituted nitrospiropyrans Ru3c and Os-3c. Also for these systems the energy transfer is too fast to be observed.
As the energy transfer from the spiropyran moiety to the acceptor metal center is faster than the ps time resolution of our apparatus for both the monometallic and the bimetallic complexes, a comparison between the rates cannot be made. This makes it difficult to prove directly whether the photostability of complexes Ru(μ-1)Ru, Os(μ-1)Os, Ru(μ-2)Ru, and Ru(μ-2)Os is due to the critically reduced IL Sp lifetime. However, considering the fact that the IL Sp f MLCT energy transfer is already extremely fast in Ru-3c and Os-3c, and yet the photochromic reaction still occurs, 16 it appears unlikely to become so fast in the dinuclear systems that the ring-opening quantum yield is essentially reduced to zero. Therefore, the lack of photoreactivity of the bimetallic systems is more likely the result of changed excited-state properties of the spiropyran subunit. The substitution of the nitro group with the second metal coordination center makes the ring-opening pathway unavailable.
Voltammetry. The redox potentials of all investigated bimetallic complexes and selected reference compounds are reported in Table 3 . DMF was used owing to the good solubility of the initial reduction products in this solvent, in contrast to less polar MeCN or PrCN.
For both Ru(μ-1)Ru (see Figure 6 ) and Os(μ-1)Os, three chemically reversible cathodic waves can be distinguished, each corresponding to a transfer of two electrons. respectively, these three waves are assigned to the paired sequential reductions of the 2,2′-bipyridine ligands at the metal centers to corresponding radical anions. Both Ru(μ-1)Ru and Os(μ-1)Os also exhibit a single two-electron anodic wave (see Table 3 ) that can be assigned to the simultaneous oxidation of the two ruthenium(II) and osmium(II) centers, respectively. The absence of resolved oneelectron waves proves that the spiropyran-bridged metal centers do not interact electronically in the ground state. For complexes Ru(μ-2)Ru and Ru(μ-2)Os two partly overlapping one-electron cathodic waves were observed in the cyclic voltammograms, followed by two unresolved twoelectron waves. The second one-electron and both twoelectron waves are clearly chemically reversible in both cases. However, for the first one-electron wave no clear counter peak was recorded on the reverse anodic scan. This observation points to some chemical instability of the primary For complex Ru(μ-2)Ru a broad reversible anodic wave appeared in the cyclic voltammogram. The corresponding square-wave voltammogram discerned two overlapping anodic waves, in agreement with the different coordination spheres of the ruthenium(II) centers in Ru(μ-2)Ru. Their exact assignment to a particular ruthenium center was not attempted. The cyclic voltammogram of complex Ru(μ-2)Os shows two well-separated chemically reversible anodic waves at +0.39 and +0.78 V belonging with no doubts to one-electron oxidations of the osmium(II) and ruthenium(II) sites, respectively.
Spectroelectrochemistry. When scanning through the first two-electron cathodic wave of complex Ru(μ-1)Ru in a thinlayer spectroelectrochemical cell, two different processes can be distinguished by the corresponding UV-vis spectral changes (see Figure 8) . Initially, the intensities of both the 1 IL bpy and 1 IL Sp absorption decrease, which is accompanied by the appearance of a broad absorption band at a longer wavelength. Half-way over the first cathodic peak, this process is completed. When the scan is continued beyond the first cathodic peak, a different spectral change is observed, which closely resembles that recorded during the initial 1e reduction of [Ru(bpy) which also applies for the second process within the first cathodic wave of Ru(μ-1)Ru. In contrast, the initial reduction of Ru(μ-1)Ru is irreversible, as documented by the absence of an anodic counter-peak and the appearance of a new anodic wave on the reverse thin-layer cyclic voltammetric scan at a more than 1 V more positive potential than the original cathodic wave. Oxidation at the new anodic wave results in the recovery of the starting material, although a slight change in the shape of the 1 IL Sp band could be observed in the UV-vis spectrum, indicating that some decomposition took place as a result of the reduction/reoxidation processes.
Complex Os(μ-1)Os exhibits the same redox behavior as Ru(μ-1)Ru. For complexes Ru(μ-2)Ru (see Figure 9 ) and Ru(μ-2)Os the first one-electron reduction results in spectral changes very similar to those observed for Ru(μ-1)Ru and Os(μ-1)Os, despite the fact that in this case the first reduction is localized at a different type of bridging ligand. The UV-vis spectral changes accompanying the consecutive cathodic processes (1e, 2e, 2e) allow their assignment to the reductions of the bpy ligands. 60 Identical to Ru(μ-1)Ru and Os(μ-1)Os, the latter three reductions are completely reversible, whereas the initial one-electron-reduced species is reoxidized more than 1 V more positively with respect to the original reduction potential. The reoxidation resulted in nearly complete recovery of the starting material.
The very similar UV-vis spectral changes recorded in the course of the initial irreversible one-electron reductions of complexes Ru(μ-1)Ru, Os(μ-1)Os, Ru(μ-2)Ru, and Ru(μ-2)Os also closely resemble those observed earlier for Ru3c and Os-3c, where the first reductions are localized on the nitro group. 16 Apparently, the addition of the first electron has a pronounced effect on the structure of the spiropyran moiety, which applies both for both the bimetallic spiropyran structures described in this paper, and the monometallic nitrospiropyran species studied previously. 16 As the electrochemical reductions of all these complexes are not localized initially on the spiropyran moiety, they must be two-step processes, where first the substituents (the nitro group or the attached R-diimine ligand) are reduced, which in turn induces a change in the spiropyran structure.
In the case of Ru-3c and Os-3c, reoxidation of the oneelectron reduced species was found to occur in two steps, where the second step resulted in the formation of the open merocyanine form of the molecule. 16 We have tentatively proposed a "dimeric" structure for the first oxidation product, consisting of one neutral and one reduced spiropyran molecule. For complexes Ru(μ-1)Ru, Os(μ-1)Os, Ru(μ-2)Ru, and Ru(μ-2)Os, however, the reoxidation occurs in a single step, and the formation of open-form molecules is not observed. There are two possible explanations for this behavior. One possibility is that the presence of the nitro group is essential for the electrochemical ring-opening process to occur. The second one is that the formation of the intermediate "dimeric" structure is required to obtain the open form molecules, and that the substitution of the spiropyran with a second bulky metal center inhibits this process.
Conclusions
Four dinuclear complexes containing metal centers connected by a spiropyran-based bridge were synthesized with the aim to control the electronic interaction between the metal centers by switching the state of the spiropyran moiety ON and OFF. Measurements on heterodinuclear (Ru/Os) complex Ru(μ-2)Os revealed that electronic energy transfer from the ruthenium donor to the osmium acceptor is rather slow when the spiropyran is in the closed (OFF) state, being dominated by a tunneling (superexchange) mechanism. Unfortunately, conversion of the spiropyran into the open merocyanine form, by either photochemical or electrochemical means, failed. Therefore, we could not determine the change in efficiency of the energy transfer under the same conditions, caused by the spiropyran ring opening. The change is expected to be significant because of increased bridge conjugation and a good energetic match between the donor and bridge levels for energy transfer by an exoergonic sequential ("hopping") mechanism. The photochemical pathway is most likely inhibited by the substitution of the original nitrospiropyran with the second polypyridine metal center, which causes a dramatic change in excited-state properties and the reaction trajectory of the spiropyran moiety.
The alternative electrochemical spiropyran ring-opening pathway, which was observed for nitrospiropyrans monosubstituted with a metal center, 16 does not operate for the bridged bimetallic systems. The reason is either the absence of the nitro group or the presence of the new bulky metallic substituent preventing the formation of a key "dimeric" intermediate.
A possible way to regain the photochromism of the system would be to place a spacer group between the spiropyran and (one of) the metal centers. This could be quite a synthetic challenge, taking into account that the introduction of spacers between the spiropyran unit and the bipyridine moieties may have a destabilizing effect, as shown for ligands 8 and 9. Nevertheless, the envisaged restoration of the spiropyran photoreactivity justifies such efforts. Table 3 ).
